The utilization of 2,4-dichlorophenoxyacetic acid (2,4-D) molecules by Acer pseudoplatanus cells is governed mainly by a glucosylation process. Evidence that 2,4-D glucoside molecules are biologicaUly inactive is presented. 2,3,5-Triiodobenzoic acid (TIBA), by inhibiting 2,4-D glucosylation, has a sparing effect on 2,4-D molecules; thus TIBA treatments increase growth yield (expressed as the ratio of the maximum number of cels produced to the initial concentration of 2,4-D in the culture medium).
Culture of Acer pseudoplatanus Cell Suspensions. Cells were cultivated and the growth curves of populations were established as previously described (14) .
2,4-D Uptake. 1-14C-2,4-D (51 mCi/mmol; 99% radiochemical purity) was obtained from Radiochemical Center. 2,4-D absorption was measured by the disappearance of radioactivity in the culture medium and by the radioactivity absorbed by the cells.
Radioactivity measurements were made as follows: 10-ml aliquots of cell suspensions were pipetted out under sterile conditions at prescribed intervals during the growth period. Cells were collected on a Whatman glass fiber filter (GF/A), without rinsing, to avoid the radioactive efflux from the cells. One ml of filtered medium was counted in a Tri-Carb Packard spectrometer. The remaining 9 ml and the filtered cells were stored at -20 C for further analysis. For measurements of the radioactivity associated with the cells, aliquots (2or 5-ml) of the suspension were sampled and filtered as described above. Cells were scraped off the filter, fixed for 1 or 2 min in 1 ml ethanol in a scintillation vial before adding the scintillation cocktail and counting. The scintillation cocktail was composed of 1 liter dioxanne, 100 g naphthalene, 7 g PPO, and 300 mg POPOP. Synthesis of Amino Acid Derivatives of 2,4-D. Labeled and unlabeled 2,4-D aspartate and 2,4-D glutamate were synthesized and purified according to Freed (7) and Wood and Fontaine (23) .
Extraction, Separation, and Characterization of 2,4-D Metabolites. The procedure described by Hamilton et al. (9) was used to extract and separate 2,4-D from its derivatives. The technique is based on partitioning of 2,4-D and its metabolites between ether and aqueous phases at pH 3. Analysis of metabolites was made by paper chromatography on Whatman No. 1 paper, on Eastman Kodak cellulose sheets, or on PEI3-cellulose F plates (Merck) . Several solvent systems were tested to obtain the best separation of 2,4-D and 2,4-D amino acid conjugates. They were as follows: solvent A, chloroform-ethyl acetate-formic acid (50:40:10, v/v/v); solvent B, isopropyl alcohol-ammonia-water (8:1:1, v/v/v); solvent C, butanol-ammonia-water (86:5:14, v/v/v); solvent D, 1-butanol-acetic acid-water (4:1:1.8, v/v/v). Solvent A was used for Eastman Kodak cellulose sheets. Solvents B, C, and D were used for ascending paper chromatography. The values of the RF of 2,4-D, 2,4-D aspartate, and 2,4-D glutamate were, respectively, 0.86, 0.66, and 0.66 in solvent A; 0.82, 0.69, and 0.69 in solvent B; and 0.57, 0.12, and 0.12 in solvent C.
Regardless of the solvent system used, no radioactivity cochromatographed with 2,4-D aspartate or glutamate, radioactivity of the ether phase being entirely associated with 2,4-D.
To test the possibility for 2,4-D amino acid conjugates to be hydrolyzed during the extraction procedure, labeled 1-14C-2,4-D glutamate and aspartate were synthesized, mixed with cells, and extracted by the same technique. All of the radioactivity was collected in the ether phase and, after chromatography, all of the radioactivity was localized at the same RF as the 2,4-D conjugates in solvents B and C. No hydrolysis of conjugates occurred during the extraction and we assumed that the 2,4-D molecules present in ether phase were derived from free 2,4-D molecules in the cells.
Characterization of 2,4-D metabolites remaining in the aqueous phase after ether extraction was accomplished as follows. After four ether extractions, the aqueous phase was adjusted to pH 9 with NaHCO3 (5%) and the radioactivity was extracted by an equal volume of 1-butanol. The 1-butanol extract was concentrated under reduced pressure at 30 C and the extract was chromatographed in solvent D. The radioactivity was localized at RF 0.60 (RF of 2,4-D = 0.87). The radioactivity eluted by distilled H20 was incubated (2 hr) with emulsin (f8glucosidase from Sigma). After concentration and chromatography in solvent D, all of the radioactivity co-chromatographed with 2,4-D, the untreated metabolite remained at RFO.60.
Measurement of Intracellular pH. The method based on the distribution of 2-14C,-5,5-dimethyloxazolidine-2,4-dione (DMO) molecules between the extracellular medium and the cells has been extensively used for cytoplasmic pH measurements (2) (3) (4) 21) , mainly in animal cells. This method has been slightly modified to allow intracellular pH measurements in A. pseudoplatanus cells (13) . Briefly, calculations of intracellular pH (pHi) were made from the following equation of Waddel and Buttler (20):
C, 1 + 10(PH, -pK.) Ce 1 + 10(pH, -pK_) where Ci and Ce are, respectively, the intracellular and extracellular DMO concentrations when the diffusion equilibrium is reached, pHe being the measured pH of the extracellular medium. Uptake of DMO molecules was followed with the same technique as that described above for 2,4-D. The uptake curve was composed of a diffusion process, reaching an equilibrium after 6 to 8 min uptake, and a metabolic process. Consequently, it was necessary to estimate the evolution with time of the amount of DMO metabolite, in order to calculate the intracellular concentration of free DMO molecules. Therefore, after extraction with ethanol, the DMO metabolite was separated from DMO molecules by ascending chromatography, using Whatman No. 1 paper and solvent B or C. In these two solvent systems, the RF of DMO and DMO metabolite were, respectively, 0.65 and 0.25 for solvent B, and 0.36 and 0.10 for solvent C.
The amount of free intracellular DMO molecules was estimated by subtracting the amount of DMO metabolites from the total intracellular radioactivity. By assuming that cells are spheres, the total cellular volume of an aliquot of a cell suspension was estimated by measuring cell diameters under the microscope and counting the number of cells. DMO (12 mCi/mmol-99% radiochemical purity) was obtained from CEA (France).
The pKa of DMO was taken as 6.3 according to Harold et al. (10) .
RESULTS
Uptake of 2,4-D. At a 2,4-D concentration of 2 x 10-7 M, there is a rapid initial uptake of 2,4-D which levels off after about 1 hr ( Fig. 1 ). This initial rapid absorption is followed by a slower accumulation of intracellular radioactivity which proceeds at a steady rate. Therefore, to describe the kinetics of uptake, three parameters were considered: the initial rate of uptake, the slope of the linear part of the curve, and the difference between QM (the intersection of the linear part of the curve with y axis) and QO (the amount of radioactivity retained by the cells after a 10-sec absorption period). The influence of 2,4-D concentration in the range 0.3 x 10-7 to 2.5 x 10-7 M on these parameters was studied as shown in Figure 2 ; linear relationships were obtained.
Similar kinetic data of auxin uptake have been described for different biological materials (11, 18) . They have been thought of in terms of a rapid establishment of an initial diffusion equilibrium, accompanied by a slow uptake conducted by the metabolic transformation of the intracellular 2,4-D.
Metabolism of 2,4-D. Chromatographic analysis of cell extracts has shown that the intracellular radioactivity was associated with intact 2,4-D and another compound. Characterization of this metabolite showed that this molecule had the properties of a 2,4-D glucoside previously identified in various plant systems (6, 8, 9, 12) . Amino acid conjugates of 2,4-D were not detected; this may depend on the species of the cells, as we were cells/ml) were incubated with 2,4-D at different concentrations. Aliquots were pipetted at various times and the radioactivity associated with the cells was measured. Initial velocity of uptake (A-A) was calculated as the slope of the linear part of the uptake curve during the first 10 min (pmol/min-106 cells). Total amount of intracellular 2,4-D (0 O) reached at the diffusion equilibrium was calculated as (Qm -QO) according to the graphical method described in Figure 1 (pmol/106 cells). Rate of metabolism (--*) was calculated from the slope of the linear part of the uptake curve (pmol/hr-106 cells). able to show that 2,4-D is metabolized to these conjugates in the case of Nicotiana tabacum strain No. 13 (19) and Petroselinum hortense tissues cultivated as callus (Leguay, unpublished). Biosynthesis of 2,4-D glucoside was measured during the uptake of 2,4-D ( Fig. 3) . It occurred at a constant rate throughout and paralleled the rate of the linear phase of 2,4-D uptake. After 7 hr of incubation, 20% of the intracellular radioactivity was associated with presumed 2,4-D glucoside. Extrapolation of the curves of Figure 3 would indicate that after 72 hr (one generation time) more than 80% of the 2,4-D absorbed would be converted to the glucoside derivative. This is in good agreement with the results obtained by direct analysis of the radioactivity associated with cells incubated with labeled 2,4-D for such a period (Table I) . It is clear that the main cause of 2,4-D removal from the medium is glucosylation. The influence of the building up of a free 2,4-D molecules pool, equilibrated by diffusion with the external medium, is small over one generation time. Consequently, one must expect that the over-all growth yield for 2,4-D will be affected by the process of glucosylation and its regulation.
Modification of 2,4-D Glucosylation by 2,3,5-Triiodobenzoic Acid and Its Influence on the Over-all Growth Yield. Addition of 2,3,5-triiodobenzoic acid (TIBA) to the medium at a low initial concentration of 2,4-D (2 x 10-7 M) strongly increased the population density reached at the stationary phase without modifying the rate of growth during the exponential phase ( Fig.  4 ). TIBA alone had no effect on cell division but its interaction with 2,4-D resulted in a 100% increase of the over-all growth yield. Figure 5 shows that initial rate of uptake and the amount of intracellular radioactivity at equilibrium were not significantly affected by TIBA and that the lower rate of uptake linked to 2,4-D glucosylation was reduced by more than 50%. These results show a good quantitative agreement between the inhibition of 2,4-D glucosylation and the increase of the growth yield. This provides further evidence that the intensity of 2,4-D glucosylation is a major factor in 2,4-D consumption and, therefore, determines the growth yield. These results also indicate that 2,4-D glucoside molecules are not directly involved in the control of cell division.
Growth of Acer Cell Populations and 2,4-D Utilization. To study the relationship between initial 2,4-D concentration, growth of cell populations, and 2,4-D utilization, the cells were inoculated in two media at different 14C-2,4-D concentrations (2.8 x 10-7 and 8.5 x 10-7 M). Growth of these two populations (A and B, respectively) and changes in the extracellular concentration of 14C-2,4-D were followed ( Fig. 6 ). TIBA concentration was 2 x 106 M. Curves A and B represent, respectively, the uptake of 2,4-D in the absence and in the presence of TIBA. Curves a and b represent, respectively, the intracellular accumulation of 2,4-D glucoside in the absence or in the presence of TIBA.
The cell density reached at the stationary phase of growth was proportional to the initial 2,4-D concentration in agreement with our already published results (14) . In the case of population A, the amount of 2,4-D utilized during the first 7 days was 1.1 ,umol/l, whereas in the case of population B it was 2.1 ,umol/l. The major part of the extracellular radioactivity was accountable as 2,4-D. Extracellular glucoside molecules represented, at the most, 10 to 15% of extracellular radioactivity. The intracellular radioactivity, which accounted for at least 95 % of the disappear- The most striking result was that substantial and different amounts of 2,4-D remained in the medium at the onset of the stationary phase in experiments A and B, despite the fact that cell division had stopped due to a specific lack of auxin molecules (14) . The extracellular concentrations of auxin (Cej) at the onset of the stationary phase were, respectively, 1.2 x 10-7 and 3.7 x 10-7 M and the corresponding population densities (N.ax) were 650,000 and 2,100,000 cells/ml.
An interpretation of the fact that the extracellular auxin concentration was variable with the population density at the stationary phase could likely be that cell division was controlled through an intracellular threshold concentration. Intracellular amounts of 2,4-D and 2,4-D metabolites were estimated, assuming that the amount of 2,4-D removed from the medium between zero time and the stationary phase was accumulated by the cells of the population when cell division stopped (more than 95% of the radioactivity disappearing from the medium was recovered as intracellular radioactivity). The results (Table II) showed that this amount was constant, independent of the initial auxin concentration and of the population density obtained at the stationary phase. As we observed earlier that intracellular 2,4-D and 2,4-D glucoside were in a constant ratio during the growth period, this analysis suggested that cell division stopped when the intracellular 2,4-D concentration was decreased to a threshold level.
Influence of Population Density on the Distribution of 2,4-D Molecules between Cells and Extracellular Medium. Since Cei = k -Nmax (Table II ) and if we assume that the intracellular 2,4-D concentration at the onset of stationary phase (Cil) is constant, it follows that CujCe1, i.e. the distribution of auxin molecules between the culture medium and the cells must be related to the population density when cell division stops.
The influence of population density on the distribution of 2,4-D molecules was studied by adding 2 to 3 ,uCi of 14C-2,4-D (54 mCi/mmol) to 250 ml of cell suspensions A and B at the onset of the stationary phase (Nmax were, respectively, 5.5 x 105 and 2.1 X 106 cells/ml). Table III shows that the ratio of the intracellular to the extracellular concentration of 2,4-D was strongly decreased when the cell number/ml was increased. This showed clearly that in order to equilibrate the same intracellular 2,4-D Plant Physiol. Vol. 60, 1977 concentration, a higher extracellular concentration of auxin would be required in case of high density cell populations.
Influence of Population Density on the IntraceUlular pH. The initial rate of uptake of 2,4-D and the amount of intracellular 2,4-D molecules are linear functions of the extracellular auxin concentration. These results are in agreement with the idea that 2,4-D mainly enters the cells through a diffusion process. The fact that the rate of diffusion of the undissociated form of various auxins from the medium into the cells is much higher than that of the anion is well documented (1, 16, 18, 22) . Consequently, it has been shown (16) (17) (18) 22) that the ratio of intracellular to extracellular auxin concentration is dependent on extracellular and intracellular pH, according to It is clear from this equation that at the onset of the stationary phase, for C,j to be constant, Cei being a linear function of Nmax, the pHe or pHi or both must be dependent on Nmax. This suggests that at the onset of the stationary phase, the distribution of 2,4-D molecules between the culture medium (Cel) and the cells (Cil) would be linked to population density through its influence on either extracellular or intracellular pH.
The extracellular pH (pHe) was measured by using a Heito pH meter, the electrode being plunged directly into the shaken suspension immediately after removing the cotton plug in order not to take into account any significant modification of CO2 equilibria (5) . The extracellular pH rose during the growth period from 5.5 at zero time to 6.4 to 7, depending on the experiment, at the onset of the stationary phase, and was independent of the population density reached (Table IV) .
The intracellular pH (pHi) was calculated from the equation of Waddel and Buttler (20) applied to the distribution of DMO molecules. This distribution was measured by using a modified DMO distribution technique (13) . Solutions of '4C-DMO at various concentrations were added to cell suspensions of different population densities (Nmaxlml) at the onset of the stationary phase. The extracellular (Ce) and intracellular (Ci) DMO con- Table II . Relationships between initial extracellular concentrations of 2,4-D (C.) and concentrations of 2,4-D in the culture medium (Cel) and number of cells per ml (Nmax) at the onset of stationary phase of growth
The ratio (Co-Cel) x 10 15 represents the amount of 2,4-D Nmax (in pmol.) removed from the medium at the onset of stationary phase and concentrated into 106 cells. REGULATION OF CELL DIVISION BY 2,4-D centrations were estimated as described under "Materials and Methods." Table V shows that some differences in pH, and pHi values from one range to another and for the same Nmax were observed.
They are likely linked to the number of samplings made along the growth phase as we have shown that opening the culture flasks disrupts CO2 equilibria and modifies pHe (5) ; the same number of samplings was made for the flasks of one range. It is clear that in every case, the intracellular pH was lowered when the population density was increased, ApH being roughly proportional to the increase of population density.
DISCUSSION
Over-all Growth Yield. The question remains of the significance of the linear relationship between the total number of cells produced during the growth phase and the initial concentration of 2,4-D (14) . By calculating an over-all growth yield from such data, one assumes that cessation of growth is linked to the total disappearance of 2,4-D from the extracellular medium. Our results show clearly that only a part of the 2,4-D initially present in the medium is effectively utilized. The amount utilized corresponds to a change of concentration from CO at zero time to Cei: concentration reached in the culture medium at the onset of the stationary phase.
We have previously demonstrated that Nmax = K CO (14) . Figure 6 and Table II show that Cei/Nmax = k. It follows that CO Cei = (1/K k) X Nmax. This relation implies that the maximum number of cells/unit volume reached at the stationary phase is a linear function of the amount of 2,4-D effectively utilized.
Consequently, a corrected growth yield value can be calculated from NaI& =Nmex No ANmax/AC Co CI°A s in most cases, No is small compared to Nmax, it appears that growth yield could be estimated from NmaxlCo Cei.
Threshold Concentration of 2,4-D Needed for Cell Division.
To explain the fact that 2,4-D molecules were still present outside and inside the cells when cell division stopped due to a specific deprivation of auxin molecules, one must assume that an extracellular or intracellular 2,4-D concentration higher than a threshold value must be maintained to allow cell division to proceed. It is possible to conclude from Figure 6 and Table II that cell division stops when the intracellular concentration of 2,4-D reaches a threshold value, Cil, independent of the population density at the stationary phase. The existence of this threshold concentration and the demonstration, given previously (14) , that the mean doubling time of the population is independent of the 2,4-D concentration, give further support to our previous discussion (14) by suggesting that either the auxin control of cell division would be an all or none phenomenon dependent on a critical threshold concentration, or the regulation of the duration of the cell cycle by auxin would operate in a rather narrow range of auxin concentrations above this threshold level.
We have already discussed (14) how a variation of the relative number of quiescent cells in the population would produce a modification of the measured doubling time of the population, this without modifying the cell cycle duration of the dividing cells. It follows that any heterogeneity, within the cell population, in the values of the threshold level of auxin needed for cell division to proceed, would account for the apparent regulation of the rate of cell division observed for 2,4-D concentrations close to the mean threshold level (12) .
Intracellular pH Modifications and Distribution of Auxin
Molecules between Cells and Extracellular Medium. The decrease in intracellular pH linked to an increase in population density (Table V) results in a modification of the equilibrium of 2,4-D molecules between the cells and their culture medium (Table IV) . Consequently, the extracellular auxin concentration, Cei, needed to equilibrate the threshold intracellular level, Cil, is higher as pHi is decreased wvhen the population density is increased (Table II) . It is possible to calculate from Table II, assuming that the distribution of 2,4-D molecules between cells and medium is governed by pH, and pH, values, that the intracellular pH in condition D must be 0.46 units lower than in B and 0.28 units lower than in C. This is in good quantitative agreement with the result of Table V . With respect to differences in the distribution of auxin molecules between cells and extracellular medium shown in Table III and assumingpHe being constant for A and B, a pHi difference of 0.56 units (B cells being more acidic) would acount for the C,! Ce difference measured. This also agrees with the results shown in Table V. As to the mechanisms by which pHi is linked to cell population density, we suggest that the intensityof CO2 efflux from the cells is the important factor. This hypothesis is in agreement with our demonstration that CO2 is accumulated in cell suspensions during the growth period (5) and with the well documented influenceof CO2 accumulation on intracellular pH of animal cells (2, 3) .
Evolution of the Extracellular and Intracelular Concentrations of 2,4-D during the Growth Period. From the results obtained concerning the modification with time of the extracellular auxin concentrations ( Fig. 6 and Table II ) and those showing the decrease of intracellular pH with the increase in population density (Table V) , it is possibIe to calculate and compare intracellular 2,4-D concentrations at zero time and at the onset of the stationary phase. Table VI shows that due to the large pH difference between cells and culture medium at the time of inoculation, 2,4-D molecules are likely to be highly concentrated into the cells. The intracellular concentration is expected to be strongly reduced during the growth period, decreasing by a factor of about 20 for I and 60 for II -this contrasts with the small extent of decrease of the extracellular concentrations. The intracellular concentrations reached when cell division stops in conditions I and II are about the same, in good agreement with the assumption of the existence of a threshold level.
In conclusion, division of A. pseudoplatanus cells seems to be controlled by an intracellular pool of 2,4-D molecules and the main factor of the regulation of this pool is the change of pH of the cells and of the culture medium, pointing out the importance 2.6xl0-5M 3.8x10-7M 68 of pH in the regulation of the response of plant cell division to auxin.
